Summary: Hitherto three variant forms of ABCG2 have been documented on the basis of their amino acid moieties (i.e., Arg, Gly, and Thr) at the position 482. In the present study, we have generated those variants of ABCG2 by site-directed mutagenesis and expressed them in Sf9 insect cells. The apparent molecular weight of the expressed ABCG2 variants was 130,000 under non-reductive conditions, whereas it was reduced to 65,000 by treatment with mercaptoethanol. It is suggested that ABCG2 exists in the plasma membrane of Sf9 cells as a homodimer bound through cysteinyl disulˆde bond(s). Both ATPase activity and drug transport of ABCG2 variants were examined by using plasma membrane fractions prepared from ABCG2-overexpressing Sf9 cells. The ATPase activity of the plasma membrane expressing ABCG2 (Gly-482) was signiˆcantly enhanced by prazosin. In contrast, ABCG2 (Arg-482) transports [ 3 H]methotrexate in an ATP-dependent manner; however, no transport activity was observed with the other variants (Gly-482 and Thr-482). It is strongly suggested that the amino acid moiety at the position of 482 is critical for the substrate speciˆcity of ABCG2.
Introduction
There is accumulating evidence that individual variations in response to a drug originate from diŠerent causes, such as genetic polymorphism and altered expression levels of drug target molecules (e.g., membrane receptors, nuclear receptors, and enzymes) as well as those of drug metabolizing enzymes and drug transporters. 1) It is critically important that we understand the relationship between the genetic alterations and the molecular mechanisms underlying such variations in drug response. Pharmacogenetic and pharmacogenomic approaches are expected to signiˆcantly contribute to the realization of``personalized medicine'' in the near future.
Cancer is one of the gene-associated diseases, with multiple factors involved in its cause and progression. 2) Despite enormous costs and eŠorts spent on the development of cancer chemotherapies, anticancer drugs are often eŠective only in a relatively small proportion of cancer patients. It has long been recognized that the eŠectiveness of anticancer drugs can vary signiˆcantly among individual patients. Indeed, acquired and intrinsic drug resistance in cancer is the major obstacle to long-term, sustained patient response to chemotherapy. There is accumulating evidence that active export of anticancer drugs from cancer cells is one of the major mechanisms of drug resistance. Several ATP-binding cassette (ABC) transporters underlie multidrug resistance in cancer cells by actively extruding the clinically administered chemotherapeutic drugs. Two major ABC transporters, ABCB1 (P-glycoprotein or MDR1) and ABCC1 (MRP1), have been well studied in terms of their structure and function in cancer drug resistance. [3] [4] [5] [6] [7] [8] In addition, a novel ABC transporter, breast cancer resistant protein (BCRP), has recently been discovered in doxorubicin-resistant breast cancer cells. 9) The same transporter has also been found in human placenta 10) as well as in drug-resistant cancer cell selected mitoxantrone and DNA topoisomerase I inhibitors. [11] [12] [13] [14] [15] [16] [17] [18] The newly found ABC transporter protein is now named ABCG2 and is classiˆed in the G-subfamily of human ABC transporter genes according to the new nomenclature. The G-subfamily is a so-called``halftransporter'' bearing six transmembrane domains and one ATP-binding cassette.
Overexpression of ABCG2 reportedly confers cancer cell resistance to anticancer drugs, such as mitoxantrone, topotecan, and 7-ethyl-10-hydroxycamptothecin (SN-38: active metabolite of irinotecan). SN-38-selected PC-6 W SN2-5H human lung carcinoma cells were shown to overexpress ABCG2 with the reduced intracellular accumulation of SN-38 and its glucuronide metabolite. 19) We have recently demonstrated that plasma membrane vesicles prepared from those cells ATP-dependently transported both SN-38 and SN-38-glucuronide, and our results strongly suggested that ABCG2 is involved in the active extrusion of SN-38 and its metabolite from cancer cells. 20) To date, at least three variant forms of ABCG2 have been documented on the basis of amino acid moieties at position 482, which is located in the third transmembrane domain (Fig. 1) . The wild type form of ABCG2 has an arginine (Arg) at that position, 10) whereas other variants cloned from cancer cell lines 9, 13) have glycine (Gly) and threonine (Thr) at position 482. It is currently speculated that the substrate speciˆcities of ABCG2 may diŠer among those variant forms. 18, [21] [22] [23] To elucidate the role of amino acid moieties at position 482 in the transport function, we have expressed each variant form of ABCG2 in Sf9 insect cells and examined the activity of those variants. Using the insect cell system, we provide direct evidence that the human ABCG2 protein functions as a homodimer bound via a cysteinyl disulˆde bond(s). Furthermore, in the present study, we demonstrate that Arg-482 is critically involved in the substrate speciˆcity of ABCG2.
Methods
Cloning of human ABCG2 (Arg-482) cDNA: Human ABCG2 cDNA was cloned from mRNA of the MCF7 W BCRP clone-8 cell line (Mitomo, H. et al., unpublished work). RT-PCR was carried out by using the SuperScript First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA) and the following speciˆc primers: sense 5?-CTCTCCAGATGTCTTCCAGT-3? and antisense 5?-ACAGTGTGATGGCAAGGGAAC-3?, where the primers were designed based on the ABCG2 cDNA sequences. The PCR reaction consisted of 30 cycles of 959 C for 30 sec, 589 C for 30 sec, and 729 C for 2 min. The resulting PCR product was inserted into the pCR2.1 TOPO vector, and its sequences were analyzed by automated DNA sequencing (TOYOBO Gene Analysis, Tokyo, Japan). The open reading frame of the ABCG2 cDNA was identical to the ABCG2 wild type (Arg-482) originally named ABCP (GenBank accession number: AF103796). The ABCG2 (Arg-482) cDNA was removed from the pCR2.1 TOPO vector by EcoRI digestion. After the treatment with alkaline phosphatase, ABCG2 cDNA was ligated to the EcoRI site of the pFASTBAC1 Expression vector (Invitrogen) using the Rapid DNA ligation kit (Roche Diagnosis Co., Indianapolis, IN, USA).
Generation of variant forms by site-directed mutagenesis: The pFASTBAC1 Expression vector carrying the ABCG2 (Arg-482) cDNA was used as the template, and variant forms (Gly-482 and Thr-482) were created by the site-directed mutagenesis ( Expression of the human ABCG2 cDNA in Sf9 cells and preparation of cell membranes: Recombinant baculoviruses to express the above-mentioned variant forms of ABCG2 in insect cells were generated with the BAC-TO-BAC Baculovirus Expression Systems (Invitrogen) according to the manufacture's instruction. Insect Spodoptera frugiperda Sf9 cells (1×10 6 cell W mL) were infected with the recombinant baculoviruses and cultured in the EX-CELL TM 420 Insect serum-free medium (JRH Bioscience, Levexa, KS, USA) at 269 C with gentle shaking. 48 hours after the infection, cells were harvested by centrifugation. Cell membranes were prepared as described previously. 24) After the measurement of protein concentration by the BCA Protein Assay Kit (PIERCE, Rockford, IL, USA), the membrane preparation was stored at -809 C until used.
Immunological detection of ABCG2 protein: Expression of ABCG2 in Sf9 cell membranes was deter- mined by immunoblotting with BXP-21 (SIGNET, Dedham, MA, USA), a speciˆc antibody to human ABCG2 where membrane proteins were pre-treated with or without mercaptoethanol. Brie‰y, proteins of the isolated plasma membrane were separated by electrophoresis on 7.5z sodium dodecyl sulfate (SDS) polyacrylamide slab gels, 25) and the proteins were electroblotted onto Hy-bond ECL nitrocellulose membranes (Amersham, Buckinghamshire, UK). Immunoblotting was performed by using BXP-21 (1:250 dilution) as thê rst antibody and an anti-mouse IgG-horseradish peroxidase (HRP)-conjugate (Cell Signaling Technology, Beverly, MA, USA)(1:3000 dilution) as the secondary antibody. HRP-dependent luminescence was developed by using Western Lighting Chemiluminescent Reagent Plus (PerkinElmer Life Sciences, Boston, MA, USA) and detected by Lumino Imaging Analyzer FAS-1000 (TOYOBO, Osaka, Japan).
ATPase activity measurement: The ATPase activity of the isolated Sf9 cell membrane was determined by measuring inorganic phosphate liberation 26) according to the procedure reported by Sarkadi et al. 27) with some modiˆcations. To adapt to our high throughput screening system with 96-well plates, we developed the standard procedure, as described previously.
24)
Detection of ATP-dependent transport of [ 3 H]methotrexate: The frozen stocked membrane was thawed quickly at 379 C, and vesicles were formed by passing the membrane suspension through a 27-gauge needle. The standard incubation medium contained 
Results
Expression of ABCG2 variant forms in Sf9 cells: Three variant forms (i.e., Arg-482, Gly-482, and Thr-482) of human ABCG2 were generated by sitedirected mutagenesis and expressed at high levels in Sf9 cells by infection with the baculoviruses derived from the recombinant pFASTBAC1 expression vectors (Fig. 1B) . The expression of ABCG2 proteins in the plasma membrane of Sf9 cells was detected by Western blotting. As demonstrated in Fig. 2 , the molecular size of ABCG2 expressed in Sf9 cells was 65,000 under reductive conditions (with mercaptoethanol), whereas its apparent molecular weight was 130,000 under nonreductive conditions (without mercaptoethanol) (Fig. 2) . This phenomenon was observed equally for the Arg-482, Gly-482 and Thr-482 variants, and therefore it is strongly suggested that ABCG2 exists in the plasma membrane of Sf9 cells as a homodimer bound through cysteinyl disulˆde bond(s).
Drug-stimulated ATPase activity in ABCG2-expressing cell membranes: Using membranes prepared from ABCG2-expressing Sf9 cells, we have measured ATPase activity in the presence of various drug compounds, i.e., prazosin, mitoxantron, and verapamil. As demonstrated in Fig. 3A , prazosin signiˆcantly enhanced the ATPase activity of the plasma membrane prepared from ABCG2 (Gly-482)-expressing Sf9 cells. The stimulation of ATPase activity was dependent on the concentration of prazosin, exhibiting a saturation curve with a half-maximal concentration of 5 mM. In addition, mitoxantron (50 or 100 mM) enhanced the ATPase activity in the membrane, however its extents were relatively small (Fig. 3A) . On the other hand, in the membrane from ABCG2 (Thr-482)-expressing Sf9 cells, the ATPase activity was stimulated by prazosin to a certain extent, but not signiˆcantly by mitoxantron. Interestingly, no stimulation was observed with prazosin or mitoxantron in the membrane from ABCG2 (Arg-482)-expressing Sf9 cells. Verapamil, which is a substrate for ABCB1 (P-glycoprotein, MDR1) but not for ABCG2, had no eŠect on the ATPase activity of the membranes prepared from those three variant formsexpressing Sf9 cells.
EŠect of vanadate on prazosin-stimulated ATPase activity: As shown in Fig. 3B , prazosin-stimulated ATPase activity in the ABCG2 (Gly-482)-expressing membrane was sensitive to vanadate, where ATPase activity was almost completely inhibited by 50 mM sodium vanadate to background levels. Likewise, in the ABCG2 (Thr-482)-expressing membrane, prazosinstimulated ATPase activity was inhibited by vanadate in a similar dose-dependent manner. In the absence of prazosin, the basal ATPase activity was little aŠected by vanadate in the concentration range of up to 200 mM. This suggests that prazosin-stimulated ATPase activity can be distinguished from the basal ATPase activity by such vanadate eŠects.
ATP-dependent transport of methotrexate by ABCG2 (Arg-482): The transport function of Arg-482, Gly-482, and Thr-482 variants was examined by using plasma membrane vesicles prepared from Sf9 cells expressing those variants. Figure 4A depicts the time courses of methotrexate transport into plasma membrane vesicles in the presence or absence of ATP. The ATP concentration was maintained at constant levels for a period su‹cient for measurement (at least 20 min) with the creatine phosphate and creatine kinase reaction system. It is important to note that ATPdependent methotrexate transport was observed only in plasma membrane vesicles prepared from Sf9 cells expressing the Arg-482 variant. No signiˆcant transport activity was detected from the Gly-482 or Thr-482 variant-expressing Sf9 cells. Figure 4B demonstrates a relationship between the methotrexate concentration and the rate of ATP-dependent transport by the Arg-482 variant. Based on the Lineweaver-Burk plot of this result, the apparent Km value for methotrexate was estimated to be 6 mM.
Discussion
Expression of human ABCG2 as a homodimer in insect cells: Since ABCG2 is an ABC half-transporter, it has been suspected that ABCG2 functions as a homodimer or heterodimer. 15) Most recently, using cross-linking reagents and speciˆc antibodies, Litman et al. have provided evidence for the formation of an The eŠect of the MTX concentration on the initial rate of ATP-dependent MTX transport into membrane vesicles. The ATP-dependent MTX transport was measured as described above, and the initial rate was measured at 0¿20 min in the incubation. ABCG2 homodimer. 29) In addition, Kage et al. have recently established PA317 transfectants expressing Myc and HA epitope-tagged ABCG2 proteins, and they demonstrated that those hybrid proteins formed S-S homodimers. 30) In the present study, by expressing native ABCG2 (without tag) in insect cells, we could provide direct evidence that human ABCG2 exists in the plasma membrane as a homodimer bound through cysteinyl disulˆde bond(s) (Fig. 2) . Treatment with mercaptoethanol reduced the apparent molecular weight of ABCG2 from 130,000 to 65,000 (Fig. 2) . The dimerization through cysteinyl disulˆde bonds occurred in all three variant forms of human ABCG2 tested in this study. Similar results were obtained with human ABCG2 expressed in human embryonic kidney (HEK) 293 cells (Mitomo et al., manuscript submitted) . Therefore, it is strongly suggested that the human ABCG2 protein expressed in Sf9 insect cells operates as a homodimer as does the protein expressed in mammalian cells. This knowledge is important, since ABCG2 expressed in Sf9 cells may be widely used for the functional screening of ABCG2 with drug candidates. Based on the cDNA sequence, a total of twelve cysteine residues exist in the ABCG2 peptide. From a biochemical point of view, it is of great interest to study which cysteine residues participate in the disulˆde bond formation and how inter-peptide disulˆde bonds are formed in the cell.
Drug-stimulated ATPase activity of ABCG2 variants: Several acquired mutations have hitherto been documented for ABCG2 cloned from drug resistant cell lines. 21, 31) Drug resistance phenotypes vary among diŠer-ent cell lines expressing variant types of ABCG2. In fact, transfectants with the wild type (Arg-482) were not resistant to topotecan, 18) while overexpression of the Gly-482 and Thr-482 variants conferred resistance to mitoxantrone, doxorubicin, daunorubicin, and various camptothecin analogs including topotecan. 9, [14] [15] [16] Furthermore, Gly-482 and Thr-482 variants mediated the eOEux of rhodamine 123 and doxorubicin from cells; however, Arg-482 did not. 21, 22) Theseˆndings indicate that Arg at position 482 plays a critical role in the substrate speciˆcity of ABCG2. The identiˆcation of mutations at 482 in ABCG2 may explain some discrepancies observed in the cross-resistance proˆles of human cancer cell lines. To examine the function of ABCG2 as a drug transporter, we have previously established ABCG2 (Arg-482)-overexpressing Sf9 insect cells and tried to measure drug-induced ATPase activity. 24) However, because of high levels of the basal ATPase activity present in the plasma membrane, we were not able to accurately measure the drug-induced ATPase activity of ABCG2. 24) In the present study, prazosin was found to signiˆcantly enhance the ATPase activity in plasma membranes prepared from Gly-482 and Thr-482 variantsexpressing Sf9 cells. However, such stimulation was not observed in the plasma membrane expressing the Arg-482 variant (Fig. 3A) . The prazosin-stimulated ATPase activity was dose-dependently inhibited by vanadate (IC50＝20 mM; Fig. 3B ). Such inhibition by vanadate is characteristic for ABC transporters, including ABCB1 (P-glycoprotein W MDR1) 24) and ABCC1 (MRP1 W GS-X pump). 28) Thus, it is suggested that Gly-482 and Thr-482 variants of human ABCG2 transport prazosin, but the Arg-482 variant does not or its transport activity is very low. In several cases, however, the substrate stimulation of the ABCG2-ATPase could not be directly correlated with the actual transport process, as suggested by ÄOzvegy et al. 22) It would be important to examine the actual transport of drugs by ABCG2 variant forms.
ATP-dependent methotrexate transport by the ABCG2 (Arg-482): Recently, Volk et al. suggested that overexpression of the wild type (Arg-482) of ABCG2 mediates methotrexate resistance. 23) However, the mitoxantrone-selected MCF W MX cell line was used in their study, and therefore molecular mechanisms underlying the drug resistance should be rather complex. The actual involevement of ABCG2 (Arg-482) in the methotrexate resistance remained to be elucidated. In the present study using the plasma membrane vesicle system, we could clearly demonstrate that ABCG2 (Arg-482) transports methotrexate; but, the other variants Gly-482 and Thr-482 do not (Fig. 4) . Ourˆnd-ing suggests that the presence of Arg-482 in the third transmembrane domain is a critical amino acid residue involved in the substrate speciˆcity of ABCG2. Since the arginine residue is positively charged under the physiological condition, it is likely that its positive charge is a prerequisite for interactions between the active site of ABCG2 and anionic substrates, such as methotrexate.
Earlier works 32, 33) have predicted the existence of energy-dependent transport systems for the methotrexate eOEux from cells. Molecular cloning and functional expression of ABC transporters led to the identiˆcation of human ABCC1, ABCC2, ABCC3, and ABCC4 as methotrexate transporters, [34] [35] [36] and all of these transporters belong to the C-subfamily of human ABC transporters. 7, 8) In this context, this is theˆrst report that ABCG2, a member of the``G'' sub-family, transports methotrexate. However, because of its high Km value of ABCG2 to methtrexate (6 mM; Fig. 4B ), the contribution of this transporter to methotrexate resistance might be small at physiological concentrations. A relevant study on the relationship between ABCG2 variant forms expressed in HEK293 cells and their drug resistance proˆles will be reported elsewhere. 37) Concluding Remarks: Like human ABCG2, one mutation`hot spot' was identiˆed at the same amino acid position 482 in mouse Abcg2, where the Arg-482 is the wild type. 38) In the case of mouse Abcg2, variants of Arg, Ser, and Met signiˆcantly aŠect the drug resistance proˆle in cancer cell lines. 38) Recently, Jonker et al. demonstrated that mouse Abcg2 protects against a major chlorophyll-derived dietary phototoxin and protoporphyria. 39) In their study, the wild type (Arg-482) of mouse Abcg2 has been suggested to transport chlorophyll and porphyrin metaboites. Since those metabolites are organic anions like methotrexate, it is hypothesized from ourˆndings that the Arg-482 moiety may be important for the transport of such anionic metabolites. With this respect, further studies should be needed to examine our hypothesis.
